The Higgs boson is produced at the LHC through gluon fusion at roughly the Standard Model rate. New colored fermions, which can contribute to gg → h, must have vector-like interactions in order not to be in conflict with the experimentally measured rate. We examine the size of the corrections to single and double Higgs production from heavy vector-like fermions in SU (2) L singlets and doublets and search for regions of parameter space where double Higgs production is enhanced relative to the Standard Model prediction. We compare production rates and distributions for double Higgs production from gluon fusion using an exact calculation, the low energy theorem . Unlike the LET, the EFT gives an extremely accurate description of the kinematic distributions for double Higgs production.
I. INTRODUCTION
Having discovered a particle with the generic properties of the Standard Model Higgs boson, the next important step is to determine what, if any, deviations from the standard picture are allowed by the data. The observed production and decay modes of the Higgs boson are within ∼ 20% of the expectation for a weakly coupled Higgs particle [1, 2] and so the possibilities for new physics in the Higgs sector are highly constrained [3] . A convenient framework to examine possible new high scale physics is the language of effective field theories, where the theory is constructed to reduce to the Standard Model at the electroweak scale, but new interactions are allowed at higher scales. We study an extension of the Standard Model where there are new massive quarks which are allowed to interact with the Standard Model particles, and thus potentially modify Higgs production and decay rates.
Heavy fermions occur in many Beyond the Standard Model (BSM) scenarios, in particular
Little Higgs models [4] [5] [6] [7] and composite Higgs models [8] [9] [10] [11] [12] in which the Higgs is strongly interacting at high scales. Direct searches for the heavy fermions have been extensively studied in the literature [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . We consider models with both charge 2 3 and − New heavy colored fermions which couple to the Higgs boson cannot occur in chiral multiplets since they would give large contributions to the rate for Higgs production from gluon fusion [27, 28] . A single SU(2) L heavy quark doublet with corresponding right-handed heavy quark singlets would increase the gluon fusion Higgs production rate by a factor ∼ 9, which is definitively excluded. Vector-like quarks, on the other hand, decouple at high energy and can be accommodated both by precision electroweak data, and by Higgs production measurements. Models with a single multiplet of new vector-like fermions have been studied extensively in the context of single and double Higgs production from gluon fusion [4, [29] [30] [31] [32] [33] [34] [35] [36] .
The rates for both single and double Higgs production in this class of models are close to those of the Standard Model and the gluon fusion processes are insensitive to the top partner masses and couplings. This general feature is a result of the structure of the quark mass matrix and can be proven using the Higgs low energy theorems (LETs) [12, 37, 38] .
We study more complicated models with several multiplets of vector-like quarks in both SU(2) L doublet and singlet representations [39] , which are allowed to mix with the Standard Model quarks and with each other. Higgs production from gluon fusion can be significantly altered from the Standard Model prediction when this mixing is allowed [32, 35, 38] . We explore the possibility of having the double Higgs production rate be strongly enhanced or suppressed relative to the Standard Model, while keeping the single Higgs rate close to that of the Standard Model. Models with multiple representations of vector-like fermions have also been considered in the context of flavor, where they have been used to generate a hierarchy of masses for the Standard Model fermions [40, 41] .
Effective field theory (EFT) techniques can be used to integrate out the effects of heavy fermions. Low energy physics is then described by an effective Lagrangian,
where O i are the dimension−6 operators corresponding to new physics at the scale Λ. These operators have been catalogued under various assumptions [11, 42, 43] and in this paper, we consider only those operators affecting the gluon fusion production of Higgs bosons. We calculate the contributions to the f i obtained by integrating out heavy vector-like quarks in SU(2) L singlet and doublet representations, using the equations of motion. The new physics arising from the heavy vector-like quarks yields corrections to the Standard Model SU(2) L × U(1) gauge couplings and to the Yukawa couplings of the light fermions.
For arbitrary fermion mass matrices, we compute both single and double Higgs production from gluon fusion. As a by product of our calculation, we compare rates found by diagonalizing the mass matrices exactly, from the effective theory of Eq. 1 which contains terms of O m 2 t Λ 2 , and from the low energy theorems, where m t → ∞ along with the new vector-like quarks, in order to establish the numerical accuracy of the various approximations.
Section II contains a brief description of the class of models studied here. A description of single and double Higgs production using the LET description and the EFT with top and bottom quark mass effects included is given in Section III. Analytic results in an example with small mixing between the Standard Model 3 rd generation quarks and the heavy quarks are given in Section IV in order to give an intuitive understanding of the new physics resulting from integrating out the heavy vector-like fermions, while Section V summarizes limits from precision electroweak measurements. Our major results are contained in Section VI, where total rates and distributions for double Higgs production are given in the full theory, the LET, and the EFT. Finally, some conclusions are in Section VII. 
and the heavy vector-like fermions are,
where the left-and right-handed components have identical transformation properties under
, allowing for Dirac mass terms. Finally, the Higgs doublet takes its usual form in unitary gauge after electroweak symmetry breaking,
where v = 246 GeV is the Higgs vacuum expectation value, and h is the Higgs boson. The
Standard Model Lagrangian involving the third generation fermions and the Higgs boson is,
a are the Pauli matrices, for the quarks t are the SU(3) C fundamental representation matrices, for the Higgs t = 0, and Q = (Y + T 3 )/2 is the electric charge operator. The classical equations of motion corresponding to Eq. 5 are [42] ,
The most general Lagrangian coupling the third generation quarks and the new fermions
The much studied cases where the Standard Model top quark mixes with only a singlet or doublet vector-like fermion [29-31, 33, 44-48] can be obtained from this study, as can the composite model case where the Standard Model quarks do not couple to the Higgs doublet (λ t = λ b = λ 7 = λ 9 = λ 10 = 0). We will consider various mass hierarchies in the following sections.
The mass and Yukawa interactions can be written as
where
, and the Higgs-dependent fermion mass matrices are
where typically λ i ∼ O(1). The mass eigenstate fields, ψ t ≡ (T 1 , T 2 , T 3 ) and
, are found by means of bi-unitary transformations,
and (T 1 , B 1 ) are the Standard Model 3 rd generation quarks. The diagonal mass matrices can be written,
where we have set h = 0, the Yukawa matrix is
and similarly in the b sector.
The couplings to the W contain both left-and right-handed contributions,
Finally, the couplings to the Z are,
and J µ EM is the usual electromagnetic current,
The Z couplings contain flavor non-diagonal contributions due to the off diagonal terms in
It is straightforward to apply the results of Eqs. 13 and 15 to find the gauge boson couplings in a specific model.
III. EFFECTIVE THEORY RESULTS
In this section, we consider single and double Higgs production from gluon fusion in the general model described in the previous section. We begin with the results using the LET, in which the top quark and all top partners are taken infinitely massive. We next include the top quark and bottom quark masses exactly and compute to O(
, where M X is a generic heavy vector fermion mass. These results (EFT) are then matched to an effective Lagrangian to determine the coefficients of the dimension-6 operators. We are interested in comparing the numerical accuracy of the two approximations with the exact calculations for the gluon fusion rates.
A. Effective Theory From Low Energy Theorems
The low energy theorems can be used to integrate out the effect of the charge 2 3 massive particles, including the top quark. In the limit in which fermion masses (
are much heavier than the Higgs mass, the hgg coupling can be found from the low energy effective interaction of a colored Dirac fermion with the gluon field strength [49] ,
where G A µν is the gluon field-strength tensor. With no approximation on the relative size of the parameters in M (t) , the LET gives for the contributions from the top sector alone,
where,
Having non-zero λ 3 , the coupling between the doublet and singlet vector-like quarks and Higgs boson, is critical for achieving a result which is different from the LET for the Standard Model:
This can be understood by noting that when the mass matrix factorizes,
the LET has no dependence on the heavy mass scales and Yukawa couplings as in Eq.
21 [12, 37, 38] . In the limit λ 3 → 0, we have:
and the LET reduces to the Standard Model result.
If, motivated by composite models [12] , we assume that there are no couplings of the Standard Model quarks to the Higgs, then λ t = λ b = λ 7 = λ 9 = λ 10 = 0, and with no assumption about the relative sizes of the remaining terms,
and the Standard Model result is recovered. Similarly to above, in this limit the determinant of the mass matrix factorizes.
Double Higgs production can also be found using the LET [29, 32, 49] ,
and we obtain,
Since the b quark is not a heavy fermion, the effective ggh Lagrangian in the charge − sector requires more care and the LET cannot be naively applied. In the next section, we formally integrate out the heavy T 2 , T 3 and B 2 , B 3 fields, while retaining all mass dependence from the light Standard Model-like quarks, T 1 , B 1 .
B. Effective Theory with Top and Bottom Quark Masses
The effects of finite top and bottom quark masses can be included by using the classical equations of motion to integrate out the heavy fields T 2 , T 3 , B 2 and B 3 [41, 42, 44, 45, 50] .
We assume that M, M U and M D are of similar magnitude and are much larger than v, that the Yukawa couplings, λ i , are of O (1), and expand to O(1/M 2 X ),
where δL h ef f collects the contributions from the terms in Eq. 29 containing derivatives of the Higgs field [45] ,
Eq. 31 corresponds to ∆L F 1 of Refs. [43, 51] .
Similarly, substituting Eq. 29 into the kinetic energy terms of
The effective low energy Lagrangian after electroweak symmetry breaking contains only 
We see that Y t and Y b are no longer proportional to
Model couplings of the fermions to Higgs pairs are also generated, as are Higgs-gluon effective couplings,
The top and bottom quark couplings to ggh and gghh are not included in c g and c gg , but can be calculated at one-loop using the effective interactions of Eq. 
IV. UNDERSTANDING THE FULL THEORY A. Hierarchy 1
In order to understand some general features of the mass matrices we consider a hierarchy where the mixing angles are small,
This maintains the hierarchy,
ments of the mass matrices small. In this limit the matrices which diagonalize the top quark mass matrix can be written as
where the matrices of Eq. 38 are unitary to O(θ 3 ). 1 The angles θ D (θ S ) can be thought of as the doublet (singlet) vector fermion-mixing with the Standard Model-like top quark, and θ H as the doublet-singlet vector fermion mixing. All angles are assumed to scale as Eq. 37.
In the small angle limit of Eq. 38, we can then solve for the parameters of the Lagrangian:
As can be seen, according to the θ scaling behaviour, this obeys the structure that we want
In the fermion mass-eigenstate basis,
the small angle approximation to the charge 2 3 Yukawa interactions is,
The mass matrix in the b quark sector can be parameterized in an identical fashion to the above discussion.
The W interactions defined in Eqs. 13 and 14, in the small angle approximation of Eq.
38, are
where we have added the superscripts b, t to indicate mixing in the bottom and top sectors, respectively. The Z-fermion interactions defined in Eqs. 15 and 16, in the small angle approximation are
The results for the bottom sector can be found by the replacement t → b.
Comparing to the EFT of Eq. 33 in the small angle approximation described above,
In the EFT, this hierarchy reduces to the Standard Model and so does not produce large deviations in Higgs production rates.
B. Hierarchy 2
Hierarchy 1 appears to give small λ 7 , λ 9 , λ 3 , λ 8 , λ 10 , λ 11 , which are the parameters that give deviations from the Standard Model. We now describe a different hierarchy with M 4,5 ≪
The diagonalization matrices can be parameterized in both the t sector as 2 ,
The parameters of the original top mass matrix, M (t) (0) from Eq. 9, can be solved for to
Finally, the Higgs couplings to the charge 2 3 fermions can be written as in Eq. 39,
Again, the b sector mass matrix and mixing can be parameterized in a similar fashion to the above.
Comparing to the EFT in Eq. 33 (counting
, this hierarchy yields small deviations from the Standard Model,
Again, the superscripts t, b indicate mixing angles in the top and bottom sectors, respectively. Now we want to match onto the LET, i.e, integrate out the top quark (T 1 ), along with the heavier fermions T 2 , T 3 , B 2 , and B 3 . The effective Higgs-gluon interactions are
To obtain c LET we use the full LET for the top quark sector in Eqs. 24 and 28, then add in the effect of integrating out the heavy bottom quark partners, that is, the heavy down-type quark contributions to c g and c gg in Eq. 35. To O(θ 2 ), this yields,
LET gg
For degenerate heavy fermions, c g is positive definite and so the contribution to double Higgs production from c gg always decreases the rate. Additionally, to increase the double Higgs contribution from c gg , θ The mixing matrices for the W interactions are (Eqs. 13 and 14) .
The mixing matrices for Z interactions (Eqs. 15 and 16) in the charge 2 3 sector are,
The Z couplings in the bottom sector are found from Eq. 53 with the replacement t → b.
V. LIMITS FROM PRECISION MEASUREMENTS
New heavy quarks which couple to the Standard Model gauge bosons are restricted by the oblique parameters [52] . In addition, the couplings of charge − 
The result for large top partner masses is (after subtracting the Standard Model top and bottom contributions),
where N C = 3, in agreement with Ref. [29] , which found that fits to the oblique parameters require s L 0.16 for M T 3 ∼ 1 TeV at 95% confidence level. For fixed values of the Yukawa couplings, λ i , the mixing angle scales for large M T 3 as,
and the contributions to the oblique parameters from the top partner decouple,
The limit on the angle s L in the above example arises because of the mixing with the Standard Model top quark. Ref. [29] contains an example where there is a heavy vector-like SU(2) L doublet, Q, along with vector-like charge Limits can be also obtained from Z decays to bb by comparing the experimental result [53] for R b with the recent Standard Model calculation [54] ,
R b can be related to the anomalous couplings of the b quark to the Z given in Eq. 33
From Eqs. 36 and 60, we extract the 95% confidence level bound,
The following discussion focuses on Hierarchy 2 of Section IV, although it can be shown that the conclusions are quite generic. We start by counting the degrees of freedom. Naively, there are 6 masses,
and 12 angles, rd generation quark neutral current couplings, in particular Z → bb:
The angles θ Ht L,R and θ Hb L,R are left nonzero, since from Eq. 51 we see that these are intimately tied to deviations from Standard Model Higgs production rates. The Z couplings to the top quark and heavy up-type vector quarks are then The W -mixing matrices in Hierarchy 2 are, Forcing the heavy-light mixing to be isospin conserving,
and there are no gauge boson currents mixing the Standard Model top and bottom quarks with the new vector fermions.
To summarize, taking into consideration electroweak precision observables, it is reasonable to impose the constraints:
Under this assumption, the non-zero mixing angles are,
There are 2 constraints from M 4 and M, Now we only have a few remaining degrees of freedom: 4 masses (2 of which are known)
and five angles,
At lowest order these angles are unconstrained by Z → bb and the oblique parameters only constrain the mixing among the heavy quarks. These constraints can be found in Ref. [29] .
Although this result can be shown generically without assuming that θ D L and θ S R are small, these angles will manifest themselves in the CKM matrix when considering mixing among the first three generations [34] . We therefore continue with the small angle approximation.
VI. RESULTS FOR HIGGS PRODUCTION
In this section, we compare the accuracy of the low energy theorem (LET) with the effective Lagrangian obtained by including the top and bottom quark mass effects (EFT), Eq. 33, as well as with predictions obtained using the full theory. We have two goals: the first is to understand the numerical limitations of the approximations to the full theory. Our second goal is to search for a regime where single Higgs production from gluon fusion occurs at approximately the Standard Model rate, while double Higgs production is significantly altered. Again, we focus on Hierarchy 2 of Section IV B, since Hierarchy 1 (Section IV A) does not lead to significant deviations from the Standard Model (Eq. 44).
We normalize the predictions to the Standard Model rates,
To O(δ LET ), the low energy theorems of Eqs. 19 and 27, including only the up-type quarks, predict,
and and assuming δ b , δ t and c g are small, is given by,
and
. Neglecting the b contribution and noting The c g contribution is in agreement with the LET result of Eq. 74.
Double Higgs production can be analyzed in a similar fashion. The diagrams shown in 
where the sum is over the diagrams, M j denotes all relevant quark masses, P 1 and P 2 are the orthogonal projectors onto the spin-0 and spin-2 states respectively,
s, t, and u are the partonic Mandelstam variables,
and p T is the transverse momentum of the Higgs particle,
The individual contributions from the diagrams of Figs. 2 and 3 to O(
(s, t, u, M j ) contains the 6 box diagrams with a fermion of mass M j in the loop. Analytic results can be found in Refs.
[ 55, 56] 3 . In the effective theory, the spin-0 contribution is,
where the 2 nd line is found in the limit M 
The c g contribution is in agreement with the LET result of Eq. 74, while the δ t contribution is no longer proportion to the Standard Model result.
The LET prediction for the total cross section for double Higgs production in the Standard Model normalized to the exact result is given in Fig. 4 as a function of center-of-mass energy.
At √ S = 13 TeV, the LET is a reasonable approximation to the total rate, while at higher energies the deviation from the exact result becomes large. We show this for two choices of factorization and renormalization scales, µ f = µ r = 2M h (solid) and µ f = µ r = M hh The first hierarchy of small angles of Section IV reduces to the Standard Model, so we do not expect to gain insight from examining this limit. The second hierarchy, (Section IV B), however, is more interesting. In Figs. 6 and 7 we show the total cross sections for gg → hh at √ S = 13 TeV and 100 TeV as a function of the lightest top partner mass, The EFT reproduces the exact calculation quite accurately. We show this for two parameter points to illustrate the robustness of this conclusion. Both points reproduce the Standard Model single Higgs production rate to within ∼ 10%. In a given model, therefore, the EFT can be used not only for the total rate, but also for distributions. The distributions in the top partner model are quite similar to the Standard Model. Scanning over small angles, we
were not able to find an example with a large deviation from the Standard Model.
VII. CONCLUSIONS
We considered a scenario with both SU(2) L singlet and doublet vector-like fermions. Such a scenario could in principle have large deviations from the Standard Model predictions for single and double Higgs production. However, we were unable to find parameters consistent with electroweak precision measurements and the single Higgs production rate which gave a significant deviation from the Standard Model prediction for double Higgs production.
We constructed two versions of an effective theory. The well known low energy theorem (LET) treats all fermions as infinitely massive. The total cross section for Higgs pair production is well approximated by the LET at √ S = 13 TeV, but increasingly differs at higher energies. The LET cannot reproduce the invariant mass distribution of the hh pairs.
In order to include top quark mass effects, we derived an effective Lagrangian (EFT) con- of Eq. 33 are not free parameters, but are related to each other in any consistent model.
Despite the proliferation of Yukawa couplings in Eq. 9, a consistent treatment yields an effective Lagrangian which depends on only 3 parameters, δ b , δ t , and c g . This is similar to the case in composite Higgs models where deviations in Yukawa couplings and new effective operators relevant for double Higgs production are tightly correlated [35] . Hence, we expect the EFT used to study Higgs production in composite Higgs models to be a very good approximation to a complete calculation. The limits on the parameters of the fermion sector arising from contributions to gauge boson 2-point functions can be studied using the S,T and U functions following the notation where the functions θ ± , χ ± are defined below and N c = 3.
